Vanishing Thermal Mass in the Strongly Coupled QCD/QED Medium 
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In this paper we perform a nonperturbative analysis of a thermal quasifermion in thermal 
QCD/QED by studying its self-energy function through the Dyson-Schwinger equation with the 
hard-thermal-loop resummed improved ladder kernel. Our analysis reveals several interesting re- 
sults, some of which may force us to change the image of the thermal quasifermion: (1) The thermal 
mass of a quasifermion begins to decrease as the coupling gets stronger and finally disappears in the 
strong coupling region, (2) the imaginary part of the chiral invariant mass function (i.e., the decay 
width of the quasifermion) persists to have 0{g^T\og{l/ g)) behavior. Present results suggest that 
in the recently produced strongly coupled quark-gluon-plasma, the thermal mass of a quasifermion 
should vanish. We also briefiy comment on evidence of the existence of a massless, or an ultrasoft 
mode. 



I. INTRODUCTION 

High energy heavy ion cohision experiments carried 
out at the BNL Relativistic Heavy Ion Colhder (RHIC) 
and CERN LHC have achieved the creation of a quark- 
gluon plasma (QGP) phase, thus hberating the quark 
and gluon degrees of freedom. Unexpectedly, however, 
the produced QGP medium showed the property close to 
that of a perfect fluid. This fact leads us to the under- 
standing that the QGP produced in the energy-region 
of the BNL RHIC is a strongly interacting system of 
quarks and gluons, namely, the strongly coupled QGP 
(sQGP) [l|. With this finding, properties of a thermal 
quasi-particle in the QGP phase attracted our interest 
once again. 

Up to now, most of the theoretical findings on ther- 
mal quasifermion in the QGP are obtained through 
the analyses with the assumption of weakly coupled 
QGP at high temperature, i.e., analyses through the 
hard-thermal-loop (HTL) resummed effective perturba- 
tion calculation or those through the one- loop calcu- 
lation by replacing the thermal gluon with the massive 
vector boson Q. Such analyses, however, cannot be jus- 
tified in studying the thermal quasiparticle in the sQGP 
created in the energy region of BNL RHIC, requiring us 
to perform nonperturbative studies. Calculations of cor- 
relators within lattice QCD are performed in Euclidean 
space and give interesting results Q. However, strictly 
speaking it is not possible to carry out an analytic contin- 
uation that is necessary to determine the spectral func- 
tion. In addition it is difficult on the lattice to respect 
the chiral symmetry that should be restored in the sQGP 
phase, though we are interested in the property of ther- 
mal quasiparticle in the chiral symmetric sQGP phase. 

In this paper we perform a nonperturbative analysis of 
thermal quasifermion in a thermal QCD/QED by study- 
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ing its self-energy function through the Dyson-Schwinger 
equation (DSE) with the HTL resummed improved lad- 
der kernel. Our analysis may overcome the problems in 
the previous analyses listed above for the following rea- 
sons: (1) it is a nonperturbative QCD/QED analysis, (2) 
we study the DSE in the real-time formalism of thermal 
field theory, which is suitable for the direct calculation 
of the propagator, or the spectral function, (3) we use 
the HTL resummed thermal gauge boson (gluon/photon) 
propagator as an interaction kernel of the DSE, and take 
into account the quasiparticle decay processes by ac- 
curately studying the imaginary part of the self-energy 
function, and finally, (4) we present an analysis based on 
the DSE that respects the chiral symmetry and describes 
its dynamical breaking and restoration. Our analysis is 
nothing but an application of our formalism employing 
the DSE to the study of thermal quasi-femion on the 
strongly coupled QCD/QED medium with chiral sym- 
metry [5|. 

Analogous studies employing the DSE are carried out 
by several groups [1]. All these analyses solve the DSE 
in the imaginary-time formalism, and try to perform an 
analytic continuation. Harada et al. study the DSE with 
a ladder kernel in which the vertex function and gauge 
boson propagator are replaced with the tree level quanti- 
ties, while Qin et al. and Mueller et al. use the maximum 
entropy method to compute the quark spectral density. 

Our analysis reveals several interesting results, some 
of which may force us to change the image of ther- 
mal quasifermion: (1) While the thermal mass of a 
quasifermion begins to decrease, the strength of the cou- 
pling gets stronger and finally disappears in the strong 
coupling region, thus showing a property of a massless 
particle, (2) its imaginary part (i.e., the decay width) 
persists to have 0{g^T\og{l/ g)) behavior. These results 
suggest that in the recently produced strongly coupled 
QGP, the thermal mass of a quasifermion should vanish. 

In the present paper, we report the results of the anal- 
ysis by focusing mainly on the behavior of chiral invari- 
ant thermal mass and its imaginary part in the strongly 
coupled gauge theories. Full results on properties of the 
thermal quasifermion will be given in a separate paper . 
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II. HTL RESUMMED IMPROVED LADDER 
DSE FOR QUASIFERMION SELF-ENERGY 
FUNCTION Ej5 

The retarded quasifermion propagator Sr{P),P ■ 
(poiP); is expressed by 



Sr{P) 



r+ie-i^ -^R{py 



(1) 



where Ei^ is the quasiferraion self-energy function that is 
tensor decomposed in a chiral symmetric phase at finite 
temperature as fohows: 



^n{P) = (1 - A{P))pa' ~ i?(P)7" 



(2) 



A{P) is the inverse of the fermion wave function renor- 
mahzation function, and B{P) is the chiral invariant 
mass function. The c-number mass function does not 
appear in the chiral symmetric phase. 

As for the interaction kernel of the DSE, we use the 
tree vertex and the HTL resummed gauge boson propaga- 
tor, and get the HTL resummed improved ladder DSE to 
determine the scalar invariants A{P) and B{P). (N.B.: 
To the longitudinal gauge boson propagator we apply the 
instantaneous exchange approximation, i.e., the zero-th 
component of the longitudinal gauge boson momentum 
qq is set to zero.) In this paper we study the massless 
QCD/QED in the Landau gauge, and the DSE to deter- 
mine A and B becomes Isl 



(2^ 



X mAAi-P,K,P ~ K)SRAi-K,K) 
^*'^RAAi-K, P,K- PyGRR,^,{K ~ 
+*T>^,^a(.-P,K,P-K)Srr 



PP-K) 



^ AAR\~ 



R K 



K,K) 
PTGraMK 



pp 



(3) 



where *G^i, is the HTL resummed gauge boson propaga- 
tor ^ and — It^ in the present approximation. 

The HTL resummed effective perturbation analysis en- 
ables us to study thermal physics of 0{gT). Thus, we 
expect that the nonperturbative analysis employing the 
DSE with the HTL resummed dressed kernel at least 
takes into account the important effects of thermal fluc- 
tuations up to 0{gT), and enables us to give reliable so- 
lutions over wider range of couplings and temperatures, 
i.e., the region < 0{gT). 

In the chiral symmetric phase the fermion propagator 
can be expressed as 



Sr{P) 



where 
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(5) 



with 

Re[D+ipo,p)] = -Rc[D^i-po,p)l (6) 
lm[D+{p„,p)] = Im[Z?_(-po,p)]. (7) 

III. QUASIFERMION DISPERSION LAW 

The quasifermion pole is deflned by the zero-point 
of the inverse of the chiral invariant fermion propagator 
D±{P) = D±{po,p), 



Re[D±{pQ = uj±,p)] = 0, 



(8) 



which determines the dispersion law of this pole. In Fig. 1 
we give the quasifermion dispersion law uj = uj±{p) at 
small coupling a = 5^/47r and at moderately high tem- 
perature [10|. It should be noted that, as can be seen in 
Fig. 1, in the region of weak coupling strength a < 0.01, 
the dispersion law lies on a universal curve determined 
by the HTL calculations @. Thus, the result shows a 
good agreement with the HTL resummed effective per- 
turbation calculation. The quasifermion has a deflnite 
thermal mass of 0{gT), and the collective plasmino mode 
exhibits a minimum at p ^ and vanishes rapidly on to 
the light cone. 




FIG. 1: Quasifermion dispersion law at small coupling and 
at moderately high temperature T = 0.3 (see the text for 
details). The dotted curves are the dispersion law of the 
quasifermion and of the plasmino determined through the 
HTL calculation. 

Two comments should be added. 

1) In this region of temperature and coupling constant, 
the dispersion law determined by the zero-point of 
agrees well and almost coincides with that de- 
termined by the peak of the spectral density p+. 
The spectral function of quasifermion p± is defined 

by 



(9) 
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Figure 1 shows that the quasifermion energy w+ (p) 
approaches to J as p — ^ 0: namely, the thermal mass 
of the quasifermion is toJ 



m/ 



_3_ 

'2tt 



47r2 



+ 



1 



(10) 
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which is determined through the next-to-leading or- 
der calculation of HTL resummed effective pertur- 
bation theory 0, [ll| . 



IV. VANISHING THERMAL MASS IN THE 
STRONGLY COUPLED QCD/QED MEDIUM 

Now let us study how the result shown in Fig. 1 changes 
as the coupling gets stronger, namely, in the region of 
intermediate to strong couplings. First let us see the 
quasifermion dispersion law in the small momentum re- 
gion. (N.B. : Temperatures and couplings that we are 
studying belong to the chiral symmetric phase [loj.) 




1 2 

p/m*, 

FIG. 2: Quasifermion dispersion law at T = 0.3 for a range 
of couplings from weak to strong couplings (see the text for 
details). For simplicity, we show only the fermion branch. 

Figure 2 shows the coupling a dependence of the nor- 
malized fermion dispersion law at T = 0.3 as the coupling 
a becomes stronger, where the normalization scale is the 
next-to- leading order thermal mass m^. For simplicity, 
in Fig. 2 we show only the fermion branch. Though in the 
weak coupling region we get the solution in good agree- 
ment with the HTL resummed perturbation analyses, as 
the coupling becomes stronger from the intermediate to 
the strong coupling region, the normalized thermal mass 
uj'^{p = 0) = uj+{p = 0)/m*j: begins to decrease from 
1 and finally tends to zero (in the region a > 0.27 in 
Fig. 2). Namely, in the thermal QCD/QED medium, the 
thermal mass of the quasifermion begins to decrease as 
the strength of the coupling gets stronger and finally dis- 
appears in the strong coupling region. This fact suggests 



that in the recently produced strongly coupled QGP, the 
thermal mass of the quasifermion should vanish or at 
least become significantly lighter compared to the value 
in the weakly coupled QGP. 
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FIG. 3: The a dependence of the normalized thermal mass 
cj+(p = 0) (see the text for details). 



To see the above behavior of the thermal mass more 
clearly, in Fig. 3 we show the normalized thermal mass 
ijj^{p = 0) as a function of a. In the small coupling region 
(a < 0.1) around the temperature range T = 0.1 ~ 0.2, 
results of the thermal mass agree well with those of 
the HTL resummed perturbation calculation. The ther- 
mal mass w+(p = 0) decreases and finally vanishes as 
the coupling gets stronger from the intermediate to the 
strong coupling region. Analogous behavior of the ther- 
mal mass W-l(p — 0) appears in the temperature depen- 
dence 
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FIG. 4: The po dependence of Re[B{po,p = 0)] at T = 0.3. 



This behavior of the thermal mass is determined 
by the behavior of the chiral invariant mass function 
Ke[B{po,p)]. In Fig. 4 we show the po dependence 
of Ile[B{po,p — 0)] at T = 0.3. At small coupling 
Ke[B{po,p = 0)] has a steep valley/peak structure in 
the small po region, but as the coupling becomes stronger 
this structure eventually disappears and Ke[B(jio,p = 0)] 
begins to behave almost as a straight line. 

The thermal mass is given by the solution of 
Re[i?(po,P = 0)]=— which is the Pq coordinate of the 
intersection point of the drawn curve of Re[i?(po,P = 0)] 
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and the straight sohd hne through the origin with a slope 
-1 in Fig. 4. At first we can see with this figure that at 
small coupling there are three intersection points: the 
one with positive po, one with negative po, and one at 
Po = 0, which corresponds to the quasifermion, t he p las- 
mino, and the massless (or, ultrasoft) modes 0, I1J|j 
spectively. As the coupling becomes stronger (a > 0.27 
at T = 0.3), however, there is only one intersection point 
at Po = 0, representing the massless pole in the fermion 
propagator. Thus we can understand the behavior in 
Fig. 3; namely, uj'^{p = 0) = uj+ip = 0)/mJ is unity 
in the weak coupling region, and zero in the strong cou- 
pling region (a > 0.27 at T = 0.3); therefore, the fermion 
thermal mass vanishes completely in the corresponding 
strong coupling region. 



V. THE THIRD PEAK, OR THE MASSLESS 
MODE 

The quasifermion and the plasmino modes are well 
understood in the HTL resummed analyses, the latter 
being the collective mode to appear in the thermal en- 
vironment. What is the third mode? Is it nothing but 
evidence of the massless, or the ultrasoft mode? Is there 
any signature in our analysis? 

To clarify this question, in Fig. 5(a) we give the spec- 
tral density p+(pQ,p = 0) in the small coupling region 
(a = 0.001, T — 0.4). Two sharp peaks, representing the 
quasifermion and the plasmino poles, are clearly seen, 
and the existence of a slight "peak" can also be recog- 
nized around po = 0. To see this more clearly, in Fig. 5b 
we show the rescaled version of Fig. 5a, where we can 
clearly see the peak structure around po = 0. This third 
peak is nothing but convincing evidence of the existence 
of a massless or an ultrasoft mode in the weak coupling 
region [sl, ITij. This peak is indistinctively slight com- 
pared to the sharp quasifermion/plasmino peak. This 
problem will be fully discussed in a separate paper 



VI. IMAGINARY PART OF THE CHIRAL 
INVARIANT MASS FUNCTION B, OR THE 
DECAY WIDTH OF THE QUASIFERMION 

Finally let us see the imaginary part of the chiral in- 
variant mass function lm.[B{pQ^p)\. The decay width of 
the quasifermion is extensively studied throu gh t he HTL 
resummed effective perturbation calculation [15|, giving 
a gauge invariant result of 0(f;^Tlog(l/5)). However, as 
is shown above, the quasiparticle exhibits an unexpected 
behavior, such as the vanishing of the thermal mass in the 
strongly coupled QCD/QED medium, completely differ- 
ent from that expected from the HTL resummed effective 
perturbation analyses. How does the decay width of the 
quasifermion exhibit its property in the corresponding 
strongly coupled QCD/QED medium? 

In Fig. 6 we show the Im[_B(po — — 0)] in the 




Po/m, 

FIG. 5: (a) Quasifermion spectral density pj^(pQ,p — 0) in the 
small coupling region (a = 0.001, T = 0.4). (b) Quasifermion 
spectral density p+(po,p — 0) enlarged around the origin. 



small coupling region, which agrees with the HTL re- 
summed calculation [15| up to a numerical factor. In 
Fig. 7 we show lm[B{pQ = oj^ = 0,p = 0)] in the strong 
coupling region. 
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FIG. 6: The Im[B] in the small coupling QGP. 

As can be seen, even in the strong coupling region, 
Im[i3] or the decay width shows the same behavior of 
0{g^T \og{l / g)); the numerical factor, of course, largely 
differs from that in the small coupling region. This be- 
havior is again not expected, because the quasifermion 
in the small coupling QGP and the one in the strong 
coupling QGP are totally different; while in the former 
case the quasifermion has a thermal mass of 0{gT) and 
the plasmino branch exists in a fermion dispersion law, 
in the latter case the thermal mass of the quasifermion 
vanishes and the plasmino branch disappears. 
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FIG. 7: The lm[B] in the strongly coupled QCD/QED 
medium. 



VII. SUMMARY 



width of the quasifermion persists to have the behavior of 
0{g^T\og{l/g)), which is expected in the small coupling 
and high temperature QCD / QED medium. 

The first result suggests that in the recently produced 
sQGP the thermal mass of the quasifermion should van- 
ish or at least become significantly lighter compared to 
the value in the weakly coupled QGP. And the second 
result indicates that in the sQGP the massless or the ul- 
trasoft fermion pole may not be observed as a massless 
quasifermion mode due to its large imaginary part. 

Evidence of the existence of a massless, or an ultrasoft 
mode, at least in a weakly coupled QGP, is also pointed 
out. 

Details of the present DSE analysis and the investiga- 
tion of the results on the property of the quasifermion 
will be given in a separate paper [7| . 



In this paper, through the analysis employing the 
HTL resummcd improved ladder DSE, we disclose the 
fact that the property of the thermal quasifermion in 
the strongly coupled QCD/QED medium largely differs 
from that expected from the analyses based on the HTL 
resummed effective perturbation calculations. We can 
summarize our main result as follows. In the strongly 
coupled QCD/QED medium, (i) while the thermal mass 
of the quasifermion vanishes and the quasifermion pole 
starts to behave as a massless pole, (ii) the imaginary 
part of the chiral invariant mass function, or the decay 
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